One of the transients that have received considerable attention in the safety evaluation of RBMK reactors is the partial break of a group distribution header (GDH). The coolant flow rate blockage in one GDH might lead to excessive heat-up of the pressure tubes and can result in multiple fuel channels (FC) ruptures. In this work, the GDH flow blockage transient has been studied considering the Smolensk-3 RBMK NPP (nuclear power plant). In the RBMK, each GDH distributes coolant to 40-43 FC. To investigate the behavior of each FC belonging to the damaged GDH and to have a more realistic trend, one (affected) GDH has been schematized with its forty-two FC, one by one. The calculations were performed using the 0-D NK (neutron kinetic) model of the RELAP5-3.3 stand-alone code. The results show that, during the event, the mass flow rate is disturbed differently according to the power distribution established for each FC in the schematization. The start time of the oscillations in mass flow rate depends strongly on the attributed power to each FC. It was also observed that, during the event, the fuel channels at higher thermal power values tend to undergo first cladding rupture leaving the reactor to scram and safeguarding all the other FCs connected to the affected GDH.
INTRODUCTION
The Reactor Bolshoy Moshchnosty Kanalny (RBMK) is a graphite-moderated boiling water reactor. After the Chernobyl NPP Unit 4 reactor accident, more intensive works have been carried out to increase the safety of the RBMK reactors. The accident showed that the first generation of RBMK design had some serious deficiencies related to its reactivity control and shutdown system. Some of the more significant concerns were about the positive scram effect of the control rods when they were moved down from the topmost position, a large positive void coefficient, and slow insertion of negative reactivity. Efforts have been done in the design to eliminate the possible accident causes and to make this type of reactors safer. Moreover, safety reports have been produced to provide description and analyses of specific accident events connected to the RBMK reactors, for example, those reports mentioned in [1] [2] [3] .
The results of one important activity concerning RBMK safety have been edited at University of Pisa (UNIPI) based on technical activities performed by N.A. Dollezhal Research and Development Institute of Power Engineering (NIKIET) and UNIPI. The document [4] , confidential and restrict, deals with the description of the technical activities conducted within the technical assistance for the commonwealth of the independent states (TACIS) project. The activities were focused on the setting-up of a chain of computational tools suitable for the analysis of transients expected in the RBMK NPPs. Among the selected transient scenarios, the partial break of a group distribution header (GDH) has received considerable attention in the safety evaluation of RBMK reactors. The coolant flow rate blocking in one GDH might lead to excessive heat-up of the pressure tubes and can result in multiple fuel channels (FCs) ruptures. Flow rate blockage may occur, for example, due to the blockage of the filter at an inlet of GDH, obstruction of cross section by a shutoff disk of the GDH check valve or GDH accessory, and erroneous closing of the GDH valve.
In this work, GDH flow blockage accident of Smolensk NPP Unit 3 has been simulated. Smolensk is a third generation of RBMK-1000 type constructed in the Russian Federation about 400 Km Southwest of Moscow and it was put into operation on January 17, 1990. RBMK-1000 units have two major distinctions from their counterparts at plants of the second generation: they have no enclosure to receive steam and gas from the reactor cavity and their pressure suppression pool has only one elevation. Some key system data relevant to safety technology are given in Table 1 . RELAP5 code has been used to perform the transient simulation. This code was originally designed for pressurized water reactors but has been successfully applied, as well as the RELAP5-3D version, for RBMK analyses [4] [5] [6] [7] [8] .
The transient analyzed consists in the blockage of the coolant mass flow in one GDH. In consequence of this event, the fuel channels (FCs) connected to the blocked GDH remain without coolant. The pressure tube (PT) and the fuel cladding temperatures reach the acceptance criterion (at nominal pressure, i.e., 7 MPa) few seconds after flow stagnation. The overpassing of this threshold should cause the PT rupture, pressure increase into the reactor cavity and scram generation signal. Hydraulic blockage (i.e., loss of cooling) of one core channel is discussed in [9] . Investigations allowed the evaluation of the consequences of this event that unavoidably causes the rupture of the pressure tube and the radioactivity release to the NPP confinement system (reactor cavity and accident localization system) and to the environment.
The temperature failure criterion in the form of the tube rupture temperature in dependence on the channel pressure has been established for pressure tubes of RBMKs on the basis of experimental data. This dependence varies with the increase in the heating rate. The rupture temperature (in • C) of the tube varies with pressure (in MPa) according to
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Constant temperature of 650
• C may be taken as a conservative value of the acceptance criterion for the pressure range from 4 MPa to 8 MPa [3] .
RBMK MAIN CIRCULATION CIRCUIT (MCC)
The MCC flow diagram of the RBMK is shown in the Figure 1 [4] . The main function of each pressure header (PH) is to collect the water that comes from the pressure pipes connected to all main pumps exit and supply the coolant to the twenty-two GDH through twenty-two pipes (325 × 15) mm. Each pipe has a manual control gate valve, a check valve, and a mixer to mix (in case of accident) the cold water from the emergency core cooling system (ECCS) and the hot water from the MCC. The check valve prevents back-flowing from the fuel channels in case of the failure of the pressure header. Mixers protect the MCC from thermal or hydraulic shocks.
The coolant is supplied to the individual fuel channels via GDH, which are horizontal cylinders. The GDH are securely fastened to support structures to prevent any sliding in case of failure. Each header distributes coolant to 40-43 bottom water pipes. These pipes are provided with isolation and control valves between the GDH outlet and the fuel channel inlet. Isolation and control valves are used to adjust channel flow on the basis of channel power. Flow rates can be controlled by varying the flow area of the valves. This is achieved by manual operation from a separate room in the vicinity of the reactor block.
Therefore, the role of SH and PH is to stabilize the coolant flow, as well as the role of GDH is to distribute the flow to the individual FC. Valves are installed in each FC bottom line (connecting to GDH) to control the flow and to get uniform values for the FC power/flow-rate ratio. Valves are installed upstream and downstream MCP to isolate the pumps and to allow natural circulation in the loop constituted by FC-outlet, SD, SH, PH, GDH, and FC inlet.
GDH BLOCKAGE EVENT
Following blockage, the flow rate in the bypass line will depend only on the pressure difference between MCP PH and GDH. At full blocking of GDH, the pressure in accidental GDH becomes approximately equal to pressure in SD. The reactor shutdown signal in case of coolant flow rate reduction, through FC of one GDH, will be generated only in emergency protection against low flow in GDH system [4] . In each of the about 40 GDH, some FCs are selected, distributed uniformly along the GDH, for flow rate measurement. The related signal constitutes the input of the GDH system. At flow reduction in two and more FCs of one GDH down to a fixed set point, the fast acting scram signal is generated. The set point value is individual for each GDH and depends on the number of MCP in operation and on the flow rate zone of the monitored fuel channels. The GDH blockage transient is strongly affected by the position of the concerned FC in the core.
NODALIZATION
The RELAP5 nodalization of the Smolensk-3 developed by the UNIPI is divided into two parts identified as right and left sides [4] . The right side is more detailed and is considered as the damaged one. In the right side, nodalization of all the main hydraulic components of the plant are modeled. Starting from the steam drums (SDs), both are represented by a set of branches and pipes in order to reproduce the stratification that ensures the gravity-driven steam separation. The water (in the lower part) and the steam (in the upper part) zones of the SD are linked to each other by a water and steam bridge. The nozzle of the feed-water system is represented by a jet component to simulate the suction effect of these devices.
The two feed-water systems (one per each SD) are simulated by a time-dependent volume and a time-dependent junction with a nominal mass flow rate. The jet mixer components are joined to two pipes that simulate the downcomer. These two are connected to four branches that simulate the suction header. Four pipes supply the water from the suction header to four pumps, connected via other pipe components to a pressure header schematized by eight branches. Teweny-two GDH are simulated by Teweny-two pipes and, at the end of each of them, one branch is placed. Fourty-seven pipes divided into 59 volumes represent the water lines and the fuel channels, up to the connection with the steam water line, with different scaling factors ranging from 1 up to 34. Additional 47 pipes simulate the steam water lines connected to the lower part of the SD.
The additional absorbers are simulated with a unique pipe (the same subdivision of the core channel has been used) together with its water and steam water line. One separate circuit is reproduced to simulate the control rod (CR) and radial reflector cooling channels (one hydraulic channel for the CR cooling and one for the reflector).
For what concerns the nodalization of the thermal structure, all the passive components have the relative heat structure divided into five radial mesh points and they are considered isolated. The active structures that simulate the fuel are divided into 12 radial mesh points and into 20 axial parts. They are thermally coupled with the corresponding hydraulic volume of the core channel (left side condition). The thermal structures used to simulate the pressure tube, the graphite rings, and the graphite bricks are divided into 12 radial meshes and 24 axial parts in order to consider the axial reflector. They are thermally coupled with the core channel at the inner side and with the corresponding pipe of the reactor cavity at the outer side.
RESULTS

Modification of the nodalization
To investigate the mass flow oscillation phenomenon that comes out in the case of GDH blockage, the nodalization has been modified (Figure 2 ). The oscillations in the mass flow during the accident could not be verified when the event was simulated using the original nodalization. Table 2 explains the main nodalization changes, namely, one (affected) GDH is schematized with its forty-two fuel channels (FCs), one by one, while the remaining GDHs have been grouped together as well as the other FCs represented by the three pipes. This choice permits the investigation of the behavior of each FC connected to the affected GDH and having a more realistic trend. To 1 FC was attributed 3.0 MW (maximum allowed power in a FC) and for the other 41 FC was established 1.9 MW (medium FC power).
Consequences of the GDH blockage
The GDH mass flow blockage scenario was calculated for Smolensk-3 NPP using the 0-D NK (neutron kinetic) model of the RELAP5 stand-alone code. In the calculation, it is assumed that there was an extreme scenario where the reactor does not shutdown. After 100 seconds of steady state calculation, the coolant flow of the GDH is suddenly blocked (see Figure 3) closing a specific valve. Consequently, as shown in Figures 4 and 5 , the core flow rate in the selected channels (3.0 MW and 1.9 MW, resp.) decreases and oscillates as a result of the reactor instability. The instable behavior can affect the safe operation of the system, causing problems as mechanical vibration and thermal fatigue of components.
It is possible to verify that the mass flow rate behaves differently to the perturbation according to the attributed power to each FC. In the channel of 3.0 MW, the flow rate starts to oscillate immediately after the GDH flow stagnation (see Figure 4) . However, in the channel of 1.9 MW, there is a delay of approximately 15 seconds in the oscillation starting (see Figure 5 ). An additional calculation was performed considering all the 42 fuel channels with 3.0 MW. In this case, as can be seen in Figure 6 , there is a delay of 30 seconds for the beginning of the mass flow oscillation. Therefore, the power distribution among the FCs has significant influence on the mass flow behavior during the event. GDH coolant flow rate stagnation results in a drop of pressure in the connected channels and subsequent oscillations after the transient shown in the Figure 7 .
The fuel element cladding and pressure tube (PT) walls temperatures in the FC are shown in Figures 8 and 9 , respectively. In the selected channels, the fuel element cladding temperature reaches the acceptance criterion of 1200
• C approximately at 30 seconds (to 3.0 MW fuel channel) after flow stagnation. The acceptance criterion of pressure tube wall temperature of 650
• C (at pressure from 4 to 8 MPa) is reached in, approximately, 40 seconds for the 3.0 MW FC. The overpassing of this threshold should cause the PT rupture, pressure increasing into the reactor cavity and scram generation signal.
Scram signal was not considered in the calculations because main attention was given to the investigation of the oscillatory behavior. However, in a real case, it is probably that the fuel channel of 3.0 MW could undergo first the rupture leaving the reactor to scram and safeguarding all the other 41 FC.
CONCLUSIONS
The present paper presents results of a hypothetical GDH flow rate blockage event in the Smolensk-3 RBMK. The calculation was performed using RELAP5 code model. The affected GDH was modeled with its forty-two FCs, one by one, to investigate the behavior of each FC belonging to the damaged GDH in detail. In the transient simulation, after 100 seconds of steady state calculation, the coolant flow rate of the studied GDH is blocked. The calculations show that the integrity of the fuel element cladding as well as of the pressure tubes is affected if the reactor is not shutdown. In few seconds, the values of temperature reach the acceptance limits. According to the calculation results, the fuel channels at higher thermal power values undergo first the pressure tube rupture bringing the reactor to scram and safeguarding all the other FCs connected to the affected GDH.
Oscillations in the mass flow were verified in the FCs with different power values. It was observed that the start time of the oscillations depends strongly on the attributed power to each FC. In fact, the FC mass flow behaves differently to the perturbation in accordance with the power distribution established during the schematization. The instable behavior of the mass flow rate in the FCs associated with the drastic increase of temperature in the cladding during the GDH blockage affects the safe operation of the system causing mechanical vibration and thermal fatigue of components, bringing finally to the rupture of the pressure tube. Figure 9 : PT temperature evolution of two FC.
